Abstract Anaerobic degradation of pentachlorophenol (PCP) is an example of a process that may benefit from enrichment or bioaugmentation. In one approach, enrichment acceleration was attempted by applying an on-line control-based selective stress strategy to a native anaerobic upflow sludge bed (UASB) system; this strategy linked PCP loading rate to methane production. As a result, the reactor biomass potential for PCP complete dechlorination reached a rate of 4 mg g -1 volatile suspended solid (VSS) day -1 within a period of 120 days. In another approach, a pure culture, Desulfitobacterium frappieri PCP-1, a strictly anaerobic Gram-positive bacterium, was used to augment the granular biomass of the UASB reactor. This also resulted in a specific degradation rate of 4 mg PCP g -1 VSS day -1 ; however, this potential was attained within 56 days. Fluorescent in situ hybridization (FISH) showed that the PCP-1 strain was able to rapidly attach to the granule and densely colonize the outer biofilm layer.
Introduction
Pentachlorophenol (PCP) can be completely mineralized to CH 4 and CO 2 under anaerobic conditions in a sequential process of dechlorination and mineralization by a mixed bacterial consortium (Mikesell and Boyd, 1986; Mohn and Kennedy 1992; Duff et al., 1995) . First, PCP dehalogenation occurs, resulting in the appearance of lightly chlorinated phenols and phenol. Next, anaerobic bacteria mineralize the dechlorination products. In this two-step biotransformation, the dechlorination step is rate limiting due to the high toxicity of PCP and intermediates; trichlorophenols are even more toxic than PCP (Duff et al., 1995) . While a PCP-degrading consortium could be developed by species' adaptation to the presence of PCP, the adaptation process is rather slow, requiring a long period of time to achieve a high dechlorination rate (Wu et al., 1993; Juteau et al., 1995) . Augmentation of natural bacterial populations with highly efficient laboratory strains is attractive for maximizing bioprocess performance (Christiansen et al., 1995) . In a mixed bacterial community, however, laboratory strains compete with indigenous species for common substrates. This competition often results in a replacement of the laboratory strain by wild-type populations more adapted to that particular environment (Massol-Deya et al., 1997) . Retention of the inoculated population is not guaranteed, and thorough monitoring is thus required to evaluate the bioaugmentation efficiency.
anaerobic conditions at 37°C in a mineral salts medium supplemented with 55 mM pyruvate and 0.1% yeast extract (Bouchard et al., 1996) .
Reactors. Experiments were performed in 5 L UASB glass reactors equipped with a methane detector (Ultramat 22P, Siemens, Germany) in the off-gas line and a computercontrolled PCP feeding pump. The first reactor (non-augmented) was inoculated with 77 g of volatile suspended solids (VSS) of anaerobic granular sludge, and the second reactor (bioaugmented) with 92 g VSS and 10 mL of D. frappieri pure culture suspension. Both reactors were operated at a residence time of 28 hours, and maintained at a temperature of 35°C and a pH of 7.3 ± 0.1 using a pH controller. All influent solutions were pumped into the liquid recirculating line in different sidestreams. The dilution stream contained a bicarbonate buffer (NaHCO 3 1.36 g L -1 , KHCO 3 1.74 g L -1 , NaOH 0.15 g L -1 ). The PCP solution contained 2 g L -1 PCP dissolved in a 20 g L -1 NaOH solution. The nutritional solution contained (in g L -1 ): sucrose, 304; butyric acid, 96; yeast extract, 7; ethanol (95%), 70; KH 2 PO 4 , 6; K 2 HPO 4 , 7; NH 4 HCO 3 , 68. It was fed at a rate of 28 mL day -1 . The chloridefree trace metal solution was fed at a rate of 14 mL day -1 . More details can be found in Tartakovsky et al. (1999 Tartakovsky et al. ( , 2001 .
Analytical methods
Reactor off-gas composition (CH 4 and CO 2 ) was determined by gas chromatography (Sigma 2000, Perkin-Elmer, Norwalk, CT) equipped with a flame ionization detector. Concentrations of PCP and its metabolites were determined by high performance liquid chromatography (Spectra-Physics, San Jose, CA). Other details can be found in Tartakovsky et al. (1999 Tartakovsky et al. ( , 2001 .
DNA extraction and polymerase chain reaction (PCR)
One-to two-millilitre sludge samples were centrifuged for 5 min at 10,000 × g. The pellet was resuspended in 700 ml of TEN (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 100 mM NaCl), and DNAs were extracted with a glass mill homogenizer according to a protocol described in Lévesque et al. (1997) . PCR amplifications were performed with 2 ml of sludge DNA in the presence of oligonucleotides specific for PCP-1 -PCP1G (5'CGAACGGTCCAGGTGTCTA3') and PCP3D (5'ACTCCCATGTTTCCACAG3') -as described by Lévesque et al. (1997) . The enumeration of strain PCP-1 cells by competitive PCR (cPCR) was based on the procedure described by Zachar et al. (1993) and Lévesque et al. (1998) . Briefly, PCR amplifications were performed on serial dilutions of an internal standard DNA mixed with a constant amount of sludge DNA in the presence of the specific primers PCP1G and PCP4D (5'AGGTACCGTCATGTAAGTAC3'). The internal standard was composed of the same primer binding sites, size, and sequence as the target DNA (16S rRNA gene), except that an EcoRV restriction site was introduced by PCR-mediated site-directed mutagenesis. The resulting PCR products were digested by EcoRV, fractionated by 2% agarose gel electrophoresis, and colored with Vistra Green (Molecular Dynamics, Sunnyvale, CA). Densitometric scanning of fluorescent DNA fragments was performed with the Molecular FluorImager (Molecular Dynamics), and the results were analyzed with ImageQuaNT software (Molecular Dynamics). For each PCR amplification, fluorescent intensity results were converted into number of PCP-1 cells per gram of VSS, after calibration against the amount of added internal standard.
Fluorescent in situ hybridization (FISH) of granule cross-sections
Three probes (PCP-1-4, PCP-1-7, and PCP-1-8) were designed for the FISH detection of D. frappieri PCP-1 by comparing its 16S ribosomal RNA gene (rDNA) sequences with sequences from GenBank (National Center for Biotechnology Information, Bethesda, MD) and the Ribosomal Database Project II (Michigan State University, East Lansing, MI). The PCP-1-4 sequence is unique to the 16S rDNA sequences of the four D. frappieri strains, of D. chlororespirans and of D. hafniense. The PCP-1-7 sequence is unique to the 16S rDNA sequences of D. frappieri strains PCP-1, TCE1 and TCPA (Gerritse et al., 1999) , but different to D. frappieri DP7 and other bacteria. The PCP-1-8 sequence is unique to the 16S rDNA sequences of the four D. frappieri strains and of D. hafniense. Both PCP-1-4 and PCP-1-8 sequences have at least 2 mismatches with 16S rDNA sequences of other Desulfitobacterium species. PCP-1-4 and PCP-1-7 were both labeled with Cy3, and PCP-1-8, with Cy5. The non-augmented sludge was used as a negative control.
After sampling, granules were washed 3 times for 5 minutes each time in ice-cold filtered PBS buffer (NaCl 130 mM, Na 2 HPO 4 7 mM, NaH 2 PO 4 ·H 2 O 3 mM) and incubated for 3 hours in paraformaldehyde 4%/PBS pH 7.2. Then the granules were dehydrated in ethanol 50% for 20 minutes (3 times) and 70% for 40 minutes. After having been incubated overnight in ethanol 70%, granules were further dehydrated in ethanol 95% for 20 minutes (3 times) and 100% for 20 minutes (3 times). Granules were then incubated in xylene for 10 minutes (2 times), and in a mixture of xylene/paraplast overnight. After this step, granules were incubated in pure paraplast for 1 hour at 60°C (3 times). The last incubation was done in plastic molds. Paraplast blocs were cut in 7 µm thin sections (Histostat rotary microtome, Reichert/Jung model 820, Buffalo, NY), and sections were mounted on poly-L-lysine coated slides (Polysciences, Warrington, PA). Prior to FISH, sections were deparaffined by incubation in xylene for 20 minutes (2 times) and in 100% ethanol for 10 minutes (2 times), and acetylated (10 minutes in 100 mM triethanolamine, acetic anhydride 0.25%, NaCl 0.09%, pH 7.2) to prevent non-specific binding of probes. The FISH protocol was similar to that used by Rocheleau et al. (1999) , except that helper oligonucleotides were added to increase the fluorescent signal of Cy5-PCP-1-8 (Fuchs et al., 2000) . Slides were examined with an epifluorescence microscope (Laborlux S, Leitz, Germany) equipped with filters for DAPI, Cy3 and Cy5 and a mercury short arc photo optic lamp HBO 103 W/2 (OSRAM, Germany). Images of granule cross-sections were acquired using a CCD camera (Coolsnap, RS Photometrics) and a Coolsnap V 1.0.0 software (Roper Scientific Inc., Tucson, AZ). The exposure time was 2 seconds for the DAPI and Cy3 probes and 8 seconds for the Cy5 probe. The NIH Image v1.62 program (U.S. National Institutes of Health) was used to quantify signal intensity. Statistical analysis of signal intensity was carried out by dividing each image into 5-6 horizontal subsections, acquiring signal intensity as a function of distance from the granule surface for each subsection and averaging the results.
Results and discussion
Enrichment by optimal selective stress Fast enrichment in PCP-degraders was first attempted by applying a selective stress strategy to a native UASB system. Although the presence of a toxicant is expected to create growth advantages for microorganisms that are able to degrade this compound, toxicity may limit the rate at which such an adaptation can occur. To address this dilemma, a computer-based on-line feedback control was applied to the continuously PCP-fed reactor, in order to have a continuous incremental increase of the PCP loading rate (control parameter) while ensuring that methane productivity (process output) did not decrease. Even though methanogens are not directly implicated in PCP dechlorination, methanogens are assumed to be the consortium members which are the most sensitive to chlorophenols (Stuart and Woods, 1998; Wu et al., 1993) . If inhibition occurred (methane productivity decreased), the PCP loading was slightly decreased, but increase in the PCP loading was continually attempted. In practice, an increase in the PCP load was imposed only if no decline in methane production was observed over a certain period of time (∆t). Each increase was carried out in a step-wise increment denoted as ∆F + . If a decline in the methane production was detected the control system decreased the PCP load by a value of ∆F -. In addition, the system was programmed to respond to an abrupt decline in the methane production (more than 25% of its previous value) by resetting the PCP load to its startup, nontoxic value. The ∆t, ∆F + and ∆F -values (12 h, 2.8 mg L rx -1 day -1 , 5.6 mg L rx -1 day -1 , respectively) constituted a set of parameters which determined the intensity of selective pressure. The initial volumetric PCP load was set at 2 mg L rx -1 day -1 (2 mg L -1 in the influent), a value at which PCP was known to be nontoxic. For the first 60 days, the feedback control did not allow for PCP load augmentation since any attempt to increase the load led to a decline in methane production (Figure 1 ). Reactor effluent analysis showed the presence of PCP (below 0.2 mg L -1 ), 3,4,5-trichlorophenol (TCP), and traces of phenol, but no di-and monochlorophenols. Afterwards, the effluent analysis showed for the first time 3,5-dichlorophenol (DCP), then 3-monochlorophenol (MCP), while 3,4,5-TCP decreased. Between days 80 and 120 the PCP load was able to increase from 20 to 62 mg L rx -1 day -1 (Figure 1) , with a near zero effluent concentration of PCP. Although few abrupt drops in methane production were observed throughout this period, the decline was only temporary. Fast response of the control system at each reactor upset allowed for a subsequent successful recovery. In spite of the increasing PCP load, no increase in the TCP concentration was noted while the MCP concentration in the effluent built up. Also observed over this period was a decrease in the DCP concentration.
Such a strategy is likely maximizing the concentration of the chlorophenols that are in contact with the microbial population, while remaining below the inhibitory level. These chlorophenols-saturating conditions are thought to force the induction of the dehalogenating enzyme machinery and to maximize the growth of microorganisms that have the potential to dechlorinate chlorophenols. As a result, over a 120 day period, the PCP degradation potential of the reactor biomass was able to reach a value of 4 mg g -1 VSS day -1 .
Bioaugmentation with a pure strain
In another approach, a pure strain, D. frappieri PCP-1, was used to augment the granule mixed bacterial community in a UASB reactor. This organism is a strictly anaerobic Grampositive bacterium isolated from a methanogenic consortium degrading PCP (Bouchard et al., 1996) . To estimate the efficiency of the augmentation, the population of PCP-1 in the reactor was enumerated by using cPCR Lévesque et al., 1998) . The PCP-1 strain appeared to compete well with other microorganisms of the mixed bacterial community. Proliferation of strain PCP-1 (increasing from 6.10 6 to between 10 10 and 10 11 cells g -1 VSS) allowed for a substantial increase of the volumetric PCP load from 5 to 80 mg L rx -1 day -1 , within a period of 56 days. A PCP removal efficiency of 99% and a dechlorination efficiency of not less than 90.5% were observed throughout the experiment, with 3-MCP and phenol being observable dechlorination intermediates. This result corresponded to a specific rate of 4 mg g -1 VSS day -1 of PCP complete dechlorination. This specific rate is similar to that of the reactor enriched by selective stress. However, the later enrichment required four months as opposed to only eight weeks for the bioaugmented reactor.
Proliferation of strain PCP-1 in the reactor could be explained by its complementary role within the anaerobic consortium exposed to PCP. Literature review (Christiansen et al., 1995) suggests the existence of at least two dechlorination pathways. If PCP is initially dechlorinated at the meta position, the transformation occurs via a 2,4,6-TCP→2,4-DCP→4-MCP route. Initial para or ortho dechlorination results in the formation of 3-MCP via either 2,3,5-or 3,4,5-TCP. In a native PCP-degrading consortium, more than one bacterial strain is required for this sequential biotransformation. Accumulation of partially dechlorinated products might occur throughout the adaptation period, as different bacteria have different growth rates. Accumulation of 3,4,5-TCP was indeed observed in the adaptation phase of the first run (non-augmented). In contrast, 3-MCP was the only observable intermediate in the reactor effluent during the bioaugmented run. This is likely due to the strain PCP-1 which is capable of dechlorination at the ortho, meta, and para positions, resulting in the degradation of PCP to 3-MCP via the formation of 2, 3,4,5-, 3,4,5-and 3,5-chlorophenols (Bouchard et al., 1996) . The presence of PCP-1 in the reactor reduced the number of consortium members required, thus eliminating rate-limiting steps, in the dechlorination process. This also minimized the number of toxic intermediates in the reactor and offered a less toxic environment to the methanogens and other consortium members.
Topography of the bioaugmented granule
The topography of anaerobic granules augmented with D. frappieri PCP-1 was studied with FISH, using strain-specific Cy3-PCP-1-4, Cy3-PCP-1-7 and Cy5-PCP-1-8 probes. After 24 hours, no fluorescence was visible. After 5 and 9 weeks, a strong fluorescence signal was present in the granule outer layer with both PCP-1-specific probes. Positive controls always gave an intense fluorescence signal in all samples hybridized, while no autofluorescence signal was present. No fluorescence signal was observed with all three probes in FISH of the non-augmented sludge. Statistical analysis of signal intensity confirmed visual observations. At week 5, an increase in the intensity at the edge of the biofilm was observed (not shown). By the end of the experiment, the signal at the granule periphery attained a value of 40-50 arbitrary units (AU) while the average intensity at the center was 10-15 AU ( Figure  2B ). Hence upon attachment to the granule, PCP-1 cells proliferated prominently in the granule periphery. This yielded with time, a dense PCP-1 outer layer of around 50 µm thickness. This is explicable, given that PCP-1 has a relatively high growth rate under optimal conditions (doubling time 3 hours, Bouchard et al., 1996) , on condition that there is minimal bacterial diffusive transport, if any. Fast PCP consumption was thus predictable at the granule periphery, producing a steep PCP gradient within the anaerobic granule, thus leaving the granule core PCP free. Consequently, methanogens and other bacteria could be shielded from the PCP toxicity and allowed to thrive in this less toxic environment.
Conclusions
The present study has broad implications for decontamination of chemical-polluted waters. These observations confirm the possibility to design granules for specific bioremediation S.R. Guiot et al. needs. It shows that, in this case, de novo biodegradation abilities can be effectively associated to native granules, since the added PCP-1 cells seem to effectively attach to and densely grow on the granule matrix. The anaerobic granule seems to be an adequate support media for effectively fixing exogenous microorganisms. This is important considering that such reactors are submitted to various shearing factors, such as the liquid superficial velocity, and the release of gas bubbles. On the other hand, the possibility to associate new specific strains with common anaerobic granules offers a relatively easy way for engineering stable multispecies consortia, yet is capable of addressing target compounds. Multiple functions (e.g. co-substrate fermentation, intermediates mineralization) and mutualistic ties are essential to the completeness of the degradation. Those assets might be instrumental if such specialized biosystems have to be developed at large scale in an economical manner. 
